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In the general Higgs portal like models, the extra neutral scalar, S, can mix with the Standard
Model (SM) Higgs boson, H . We perform an exploratory study focusing on the direct search for such
a light singlet S at the Large Hadron Collider (LHC). After careful study of the SM background,
we find the process pp → tt¯S followed by S → bb¯ can be used to investigate S with mass in the
20 < MS < 100 GeV range, which has not been well explored at the LHC. The signal significance
becomes meaningful with a luminosity around a few ab−1. Also, we study the prospects of finding
the light scalar at the future 100 TeV pp collider, the Z and Higgs factories. With similar luminosity,
the current LEP limits on the mixing between S and H can be improved by at least one or two
order of magnitudes.
I. INTRODUCTION
The discovery of a 125 GeV scalar with properties as
expected of the SM Higgs boson H gives one last exper-
imental support that it is the correct theory for physics
at or below the Fermi scale. On the other hand, neutrino
oscillations data points to massive active neutrinos which
will require the model to be amended. Furthermore, the
SM cannot account for the mounting evidence for dark
matter and neither can it explain the matter-antimatter
asymmetry of the Universe. Adding SM gauge singlet
scalar fields is the simplest extension and the most eco-
nomical and popular scenario to pursue. If one takes only
one such complex field S and minimally couples it to the
SM via interactions with H , the beautiful successes of the
SM in describing current data are largely undisturbed.
Theoretically, singlet scalar fields appear in many ex-
tensions of the SM. They form an essential part of the
minimal Majoronic model that accommodates both dark
radiation[1]and dark matter (DM) [2–4]. The singlet
scalar is a good candidate for DM. In a different context,
singlet scalar extension of the scalar sector helps make
the electroweak phase transition more first order, which
is crucial for a successful electroweak baryogenesis[5].
Moreover, the new bosonic degrees of freedom contribute
to improving the vacuum stability of SM [6][7].
In this paper we take a simplified model point of view
of the singlet Higgs model. By that we assume there is
only one experimentally accessible real SM singlet scalar
which mixes with the SM Higgs. It may be part of a
more complete theory but we only focus on its property
as a Higgs portal [8]. Its only interaction with the SM is
via couplings to the Higgs field. It may have coupling to
other hidden or dark sectors, see e.g. [9]. The produc-
tion cross section of such light scalar at the collider is en-
tirely determined by its mass and its couplings to the SM
fields. Once the scalar is produced, the signal depends on
its decay branching ratios. For the collider searches, the
relevant parameters are the mass of the scalar, the mix-
ing between the scalar and the SM Higgs, and its decay
branching ratios. Details of how a particular model gives
rise to the parameters mentioned above are unimportant
for this study.
To set up our convention, we write the relevant La-
grangian adopted from [2, 3] with a SM singlet scalar S
as
L ⊃− µ2H(H†H) + λH(H†H)2
− µ2S |S|2 + λs|S|4 + λSH(H†H)|S|2 .
(1)
Spontaneous symmetry breaking (SSB) takes place for
both H and S. Thus , 〈S〉 = vS/
√
2, and 〈H〉 = vH/
√
2
with vH = 246 GeV. The mixing of H and S occurs.
Writing S = (vS + s0)/
√
2, and H = (0, vH + h0)
T /
√
2
the mass square matrix in the basis {h0, s0} reads(
2λHv
2
H λHSvHvS
λHSvHvS 2λSv
2
S
)
. (2)
Denoting the mass eigenstates by Hm, Sm, we have(
Hm
Sm
)
=
(
cθ −sθ
sθ cθ
)(
h0
s0
)
. (3)
Here we use the shorthand notation sθ, cθ for sin θ, cos θ
and θ is the mixing angle.
We would like to emphasize again that only sθ is rel-
evant for the direct collider searches. Our analysis does
not depend on the origin of the mixings. In some other
models, the mass square matrix needs not entirely come
from SSB. The mixing satisfies
tan 2θ =
λSHvHvS
λSv2S − λHv2H
(4)
and we set the range of θ ∈ [−π/2, π/2]. For light singlet,
we are interested in the case that λSv
2
S < λHv
2
H and the
mass eigenvalues are
m2Hm =λHv
2
H+λSv
2
S+
√
(λHv2H−λSv2S)2+λ2SHv2Hv2S ,
m2Sm =λHv
2
H+λSv
2
S−
√
(λHv2H−λSv2S)2+λ2SHv2Hv2S .(5)
2The convention is set so that when λSH = 0, i.e. no
mixing between H and S, the above go back to m2Hm =
2λHv
2
H and m
2
Sm
= 2λSv
2
S . Hm is identified as the 125
GeV SM-like Higgs boson and Sm is the new neutral
scalar boson. MH is the mass of Hm which is 125 GeV
whereas the mass MS of Sm is unknown. For notational
simplicity we shall drop the subscript m for the mass
eigenstates.
The main goal of our work is to give a careful study
of the constraint on MS and sθ from LHC and future
colliders. Before we embark on this, it is well known that
if the Higgs boson mixes with another scalar, indepen-
dent of the mass of the unknown particle, the strength
of the Higgs boson to other SM particles will be mul-
tiplied by cθ at the amplitude level. This applies to S
with cθ → sθ. The characteristic feature S shares with
the SM Higgs is that their couplings to the massive SM
fields are proportional to the masses of the SM particles.
Hence, t, b,W,Z will be good choices for signal detec-
tion. This further implies that all Higgs boson signals
currently measured at the LHC will have reduced SM-
like strength. The SM signal strength is parameterized
by µ, and it is unity for the SM. The latest LHC-1 bound
is µ = 1.09± 0.11 [10] which amounts to sin2 θ < 0.13 at
2σ1. At LHC14, sin2 θ can be bounded to be less than
2 × 10−2 from signal strength[11]. On the other hand,
the discovery of S depends crucially on MS. The obvi-
ous mass effect is kinematical, i.e. the heavier S is the
lower the production rate at a given energy. The sec-
ond effect is in the signals for S detection. To give an
example, for MS = 400 GeV the dominant decay mode
will be S → WW,ZZ, tt¯ if the coupling to the hidden
sector is not too large. In contrast, for a 40 GeV S, b¯b
will be its dominant decay. Since the final states signals
are drastically different one needs to enhance the signal
by optimizingW,Z or t quarks detection for the heavy S
case. For the 40 GeV S a more efficient b quark tagging
will help greatly. Another issue is the SM background
suppression. For the example given above it is clear that
heavy and light scalars will require very different strate-
gies for suppressing the backgrounds.
At the LHC, the dominant production mechanism for
the SM Higgs and the scalar (S) that mixed with it is via
gluon fusion ( GF). The subdominant production pro-
cesses are the vector boson fusion (VBF), the vector bo-
son associated productions, pp→W±H/W±S, ZH/ZS
(denoted as WH (WS) and ZH (ZS) correspondingly),
and the top-quark pair associated production pp →
tt¯H/tt¯S (denoted as tt¯H/tt¯S). The production cross
sections of VBF,WH/WS, ZH/ZS, and tt¯S are around
10−1 − 10−2 times that of the GF. For the SM Higgs, or
the scalar S if it is lighter than 160 GeV, bb¯ is the dom-
inant decay modes. However, the overwhelming QCD
background, mainly from gg → bb¯, gg → tt¯ and single
1 At 2σ C.L., 0.87 < µ = c2
θ
< 1.31 implies that s2
θ
< 0.13.
top production (tb¯), make the discovery challenging in
this decay mode. Furthermore when the scalar S is heav-
ier than 100 GeV, we have the luxury of using the rather
rare but relatively clean decay modes such as S → 2γ or
S → ZZ(∗) → ℓℓ¯ℓℓ¯ for detection. If the scalar S is heav-
ier than 160 GeV, the decays WW (∗), ZZ(∗) provide
additional handles for probing. The limit on the mix-
ing between S and H is a by-product of direct searching
for the SM Higgs at the LHC using the aforementioned
clean signals [13, 14]. The current limit is rather weak,
s2θ < 0.25 for 80 < MS < 600 GeV except that s
2
θ < 0.16
when MS is in the window of 100 < MS < 150 GeV.
However, when MS = 40 GeV, the 2-photon decay
branching ratio drops to ∼ O(10−4) and the branching
ratio for S → 4ℓ drops to ∼ O(10−7). The bb¯ decay
is the only visible handle left to probe a light S at the
LHC. Still, the QCD backgrounds are prohibitive for the
GF and VBF processes to be utilized. Moreover, sub-
dominant processes such as ZS, WS, tb¯S are not useful
for discovery due to huge tt¯, single top, W±+ and Z+
heavy flavor jets backgrounds. In order to discover such
a scalar S at the LHC, we turn our attention to subdom-
inant production process tt¯S, followed by S → bb¯ reso-
nance with at least one top decaying leptonically. The
high b-jet multiplicity i.e.> 3 b-jets , suppresses the dom-
inant tt¯ and single top backgrounds to a sufficiently low
level, making tt¯S the most promising channel for the dis-
covery of a low mass S at the LHC. Given the smallness
of the tt¯S production cross section, a high luminosity is
required. A ballpark estimation is helpful here. To reach
the sensitivity of s2θ . O(0.01) for the light S, the re-
quired luminosity is around 100× (σGF/σtt¯S)× (Br(S →
2γ)/Br(S → bb¯))× 10 fb−1 ∼ 103 fb−1. Such a luminos-
ity is feasible at the high luminosity run of the LHC.
In this paper we focus on the range 20 GeV < MS <
100 GeV. The lower limit is given by the energy resolu-
tion of LHC. Furthermore, due to the proximity of many
bottomonium resonances in this energy range, our back-
ground analysis will not be applicable and the task of
identifying a scalar resonance in the bb¯ mode is nearly
impossible. The upper limit is set by our choice of us-
ing multiple b-quarks as our signal for S detection. For
MS > 100GeV, the current LHC Higgs direct search
strategies are more powerful than the tt¯S signal. As the
luminosity increased to O(103) fb−1, the current limit on
s2θ from direct search is expected to get an order of mag-
nitude improvement as well. Moreover, searches in this
low mass range at the LHC has not been covered by the
existing studies on the general Higgs portal models[12–
22].
We will study the SM background in detail using the
current knowledge of b-jets identification as documented
by both ATLAS and CMS collaborations. Currently, we
have very limited knowledge on S in this mass range.
The only experimental information we have is the direct
search limit from LEPII[23]. Hence, it is worthwhile to do
a careful analysis to see how high luminosity (HL) LHC
can improve on this. We also extrapolate to a future 100
3TeV hadron collider. As a comparison, we also study how
a Higgs and Z factory options can shed light on this issue
by focusing on a few very clean reactions.
We note that for MS < 10 GeV stringent limits on
sin2 θ are given by rare B and K mesons decays [24]. If
MS < 2GeV, sin
2 θ < 10−6 from B+ → K+ + nothing.
When MS < 0.36 GeV, sin
2 θ < 10−8 from K+ → π+ +
nothing. Thus, our study fills the gap between this and
the heavy Higgs searches at the LHC.
The paper is organized as follows. In Sec.II we summa-
rize some relevant details of the simplified singlet scalar
model. Sec. III gives the phenomenology of the model.
Details of the LHC study are given. The chosen signals
at the Z and Higgs factory options at the future e+e− col-
liders are calculated. The constraints from muon g − 2
and BS → µµ¯ are discussed as well. A summary and
conclusions are given in Sec. IV.
II. MODEL
The Lagrangian for the simplified scalar singlet field
is given in Eq.(1). The vacuum positivity requires that
λH , λS > 0 and λSH > −2
√
λHλS . After SSB, one has
µ2H = λHv
2
H +
λSH
2
v2S ,
µ2S = λSv
2
S +
λSH
2
v2H . (6)
In terms ofMH(= 125 GeV), MS , vS , and mixing, the
scalar quartic couplings can be expressed as
λH =
1
2v2H
(c2θM
2
H + s
2
θM
2
S) ,
λS =
1
2v2S
(s2θM
2
H + c
2
θM
2
S) ,
λSH = − sθcθ
vSvH
(M2H −M2S) . (7)
Among the mass eigenstates, the triple scalar coupling
vertices are
HHH : −3iM2H
(
c3θ
vH
− s
3
θ
vS
)
,
HHS : −isθcθ
(
cθ
vH
+
sθ
vS
)
(2M2H +M
2
S) ,
SSH : −isθcθ
(
sθ
vH
− cθ
vS
)
(2M2S +M
2
H) ,
SSS : −3iM2S
(
s3θ
vH
+
c3θ
vS
)
. (8)
In general ( as long as sθ/vH 6= cθ/vS ), the H → 2S
decay mode opens up when MS < MH/2. Some weak
constraints on sθ can be derived from the SM Higgs total
decay width, see for example[13, 14]. However, at the
LHC, we do not consider the pp → H → 2S signal due
to the smallness of the production cross section and the
colossal SM background.
Since the quartic scalar couplings are irrelevant for our
study, and they can be easily read from the Lagrangian,
we do not spell them out here. The modifications to all
the other SM Higgs-like couplings are straightforward:
each H/S will contribute one extra power of cθ/sθ sup-
pression factor. Note that the mixing is only between
the two scalar parts, the Feynman rules for the Gold-
stone bosons remain unchanged.
WhenMS > 2mb, the dominating visible decay is S →
bb¯. The partial width is given by
ΓS→bb¯ =
s2θNcMS
8π
(
mb
vH
)2(
1− 4m
2
b
M2S
)3/2
. (9)
Taking into account the LEP limit on sθ[23], the partial
width is small, . 10−4GeV forMS < 80 GeV, and makes
S a very narrow resonance for discovery. There can be
additional decays into invisible modes if S has a coupling
to the dark sector. This will be model dependent.
III. PHENOMENOLOGY
A. LHC signal
In this subsection we investigate the discovery poten-
tial of light S at the LHC via pp collision. The primary
production mechanism of S at LHC is via pp→ tt¯S, fol-
lowed by S → bb¯ decay and leptonic decays of at least
one of the top quarks; constituting four b-tagged jets,
at least one charged lepton plus missing (EmissT ) signa-
ture. The final state topology is similar to SM tt¯H (with
H → bb¯) production [25], which we closely follow in our
analysis. The signal region will have subdominant contri-
butions from single top productions such as pp → tSb¯/j
(conjugate processes implied). We also include several
other processes namely: pp → t¯W+S, pp → W+SH ,
pp→W+Sbb¯ , pp→W+ZS and pp→ ZZS etc., which
are possible within the model and provide small contri-
butions to the signal region. There exists several sources
SM backgrounds, such as tt¯+heavy flavor jets (tt¯+h.f.
jets), tt¯+light flavor jets (tt¯+l.f. jets)with subdominant
contributions from t- and s-channel single top produc-
tion with contributions from tt¯Z, tt¯H , tWH and other
processes such as Z/γ∗ + 4b-jets. We have not included
non-prompt and fake backgrounds in our analysis. These
contributions are not properly modeled in Monte Carlo
event generators and one needs data to estimate such
contributions.
The signal and background samples are generated
at leading order (LO) in Monte Carlo event generator
MadGraph5 aMC@NLO [26] adopting NN23LO1 PDF
set [27], interfaced with Pythia 6.4 [28] for showering,
hadronization and underlying events. The Matrix ele-
ment (ME) of the signal and background processes are
generated up to one additional jet in the final state ex-
cept for tt¯+heavy flavor jets. The ME for the latter is
generated up to two additional jets in the final state. We
4follow MLM [29] matching prescription for the ME and
parton shower (PS) merging. Due to computational lim-
itations we restrict the number of additional jets in ME
to the above mentioned numbers for the respective sig-
nal and background processes. Events are finally fed into
Delphes 3.3.3 [30] for fast detector simulation (ATLAS
based). The rejection factor for light jets and charm jets
are assumed to be 1/137 and 1/5 respectively [31]. The
jets are reconstructed using anti-kt jet algorithm with
radius parameter R = 0.5. The effective model is imple-
mented using FeynRules 2.0 [32].
Selection cuts: Events are selected such that it
should contain at least four jets out of which at least four
are b-tagged and at least one charged leptons (≡ e, µ) and
missing transverse energy EmissT (denoted as (4j, 4b, 1ℓ)
process). The pT of the leading lepton in an event is re-
quired to be > 25 GeV, while if it contains a subleading
lepton, the transverse momenta of the subleading lepton
is required > 15 GeV. The maximum pseudo-rapidity of
the lepton(s) in an event should be |η| < 2.5. Minimum
pT of all jets or b-tagged jets in an event are required to
be > 20 GeV with pseudo-rapidity |η| < 2.5. The min-
imum separation between a jet (or b-jet) and charged
lepton(s) is required to be ∆Rj(b)ℓ > 0.4, while the min-
imum separation between two charged leptons should be
∆Rℓℓ > 0.4, with missing transverse E
miss
T > 35 GeV.
Events containing hardronic tau lepton with pT > 25
GeV are vetoed. Each event will have multiple com-
binations of mbb due to high b jet multiplicity. The
pairs with mbb closest to MS are assumed to be com-
ing from decay of S, and passed through invariant mass
cut |Mbb −MS| < 10 GeV.
In order to illustrate the discovery potential, we con-
sider six benchmark configurations in the minimal Ma-
joronic model for dark radiation and dark matter[2, 3]
given as follows:
Config-1 : vS = 1 TeV, sθ = ±0.1 ,
Config-2 : vS = 1 TeV, sθ = ±0.3 ,
Config-3 : vS = 10 TeV, sθ = ±0.1 ,
Config-4 : vS = 10 TeV, sθ = ±0.3 ,
Config-5 : vS = 100 TeV, sθ = ±0.1 ,
Config-6 : vS = 100 TeV, sθ = ±0.3 . (10)
Once vS , sθ, and MS are given, the invisible decay
branching ratio and Br(S → bb¯) are fixed in this partic-
ular model. We find the result is not sensitive to the sign
of sθ, namely, the triple and quartic scalar contributions
are negligible.
The signal cross sections for different configurations
after selection cuts are plotted in Fig. 1, while the back-
ground cross sections are given in the appendix for
√
s =
13 and 100 TeV respectively. To estimate signal signifi-
cance, we use the following formula [33]:
Z =
√
2
[
(S + B) ln
(
1 +
S
B
)
− S
]
, (11)
where S and B are the number of signal and background
events respectively. We require Z = 5 for the 5σ discov-
ery and Z = 3 for 3σ significance.
Let us have a closer look at Fig. 1 and Fig. 2. In Fig. 1
we have plotted the cross section of the signal for differ-
ent values of MS adopting several benchmark scenarios
as given in Eq. (10). The cross section contours for all
the configurations increase initially and reach to the max-
imum value at MS ∼ 40 GeV, finally falling slowly to-
wards a higher mass. The minimum pT cuts on the b-jets
are too strong for MS below 40 GeV, causing the initial
dip in the cross sections; which finally reach its maximum
value MS ∼ 40 GeV and then falls again due to the drop
in parton luminosity for heavier MS. The cross section
of the signal process pp→ tt¯S is directly proportional to
s2θ; hence, configurations with larger |sθ| have larger cross
sections resulting in better discovery probability. How-
ever for fixed sθ and MS , the cross sections primarily
depend on the Br(S → bb¯). For the configurations with
larger vS , the total decay width of S is dominated by
ΓS→bb¯
2. This is evident from the position of the dotted
and dashed lines in Fig. 1. Furthermore, the blue solid
and dashed lines almost coincide due to Br(S → bb¯) ≈ 1
for vS = 10, 100 TeV. However the red solid and dashed
lines are more separated than the blue ones, primarily
due to Br(S → bb¯) being lower for vS = 10 TeV than
vS = 100 TeV.
We restrict ourselves in the mass rangeMS = [20, 100]
GeV. For MS < 20 GeV the controlling of the back-
ground would be much more difficult due to the presence
of bottomonium resonances, while MS > 100 GeV the
dominant signal process suffers interference with the SM
tt¯H process. The strong |Mbb −MS| < 10 GeV cut is
primarily used to minimize the interference with the SM
tt¯H process near mS ∼ 100 GeV. For simplicity we use
the same invariant mass cut even for the lower MS re-
gion. Note that we have not included QCD corrections
to signal and SM background processes, which may in-
duce some uncertainties in our results. Since our study is
exploratory it is premature to include these higher order
effects. Together with all the current limits, our findings
are summarized in Fig.3. It is encouraging to see that de-
spite the large SM background, HL-LHC13 can improve
upon LEPII results on s2θ.
We naively extrapolate our study to the 100 TeV pp-
collider. The cross sections for both the signal and the
background are enhanced due to the rise of gluonic par-
ton distribution at small x. We find the signal signif-
icance in this case with 100 fb−1 integrated luminosity
is slightly better than that at the HL-LHC, which may
alleviate due pile-up effects. Such effects are included in
a realistic experimental analysis, which we do not incor-
porate in our exploratory study.
2 For the MS value under consideration, the total decay width of
S is nicely approximated as Γtot ≈ ΓS→bb¯ + ΓS→cc¯ + ΓS→ωω¯,
where ω is the singlet Majoron[2, 3].
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FIG. 1. Signal cross sections (fb) for different MS at 13 (left) and 100 TeV (right) pp collision for six different benchmark
configurations as given in Eq.(10). The blue/red curves correspond to |sθ| = 0.3/0.1.
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schemes are the same as Fig. 1.
B. Signal at the Z factory
In the planned Z-factory option of FCC-ee , ∼ O(1012)
Z bosons are expected each year[34]. This opens up a new
avenue to directly probe the light scalar with the rare Z
decays. The signal will be e+e− → Z → Sff¯ , and S
subsequently decays into bb¯ pair. A useful kinetic vari-
able yb ≡ m2bb/M2Z is defined where mbb is the invariant
mass of the bb¯ pair. The on-shell light scalar gives a very
narrow resonance peak in yb at around yb = (MS/MZ)
2
and stands out from the continuous SM background. The
signal branching ratio is given by[35]
Br(Z → Sff¯) = s2θ×F (MS/MZ)×Br(Z → f f¯) , (12)
where
F (r) =
GFM
2
W
24
√
2π2c2W
[
3r(r4 − 8r2 + 20)√
4− r2 cos
−1
( r
2
(3 − r2)
)
−3(r4 − 6r2 + 4) ln r − 1
2
(1− r2)(2r4 − 13r2 + 47)
]
.
Here cW (sW ) is the shorthand for the weak mixing
cos θW (sin θW ). One of the signals we are interested in is
Z → νν¯S;S → bb¯, and the SM background is the 4-body
decay Z → bb¯νν¯. To quantify the discovery potential at
the future Z-factory, we calculate the significant Z. The
signal will be
S = s2θ×F (rS)×Br(Z → νν¯)×Br(S → bb¯)×NZ , (13)
where rS = (MS/MZ), NZ is the fiducial number of Z-
bosons, and we sum over all neutrino species. We use
CalcHep[36] to calculate numerically the SM differential
decay width, dΓSM (Z → bb¯νν¯)/dyb ( see Fig.10 in [3]).
Then the signal background is obtained by integration
over the continuous distribution in the vicinity of yb = r
2
S
B = NZ ×
∫ r2
S
+δyb
r2
S
−δyb
dyb
dΓSM (Z → bb¯νν¯)
dyb
. (14)
Assuming the invariant mass resolution at the FCC-ee
is 1GeV, then δyb is roughly 2
MS×1GeV
M2
Z
∼ rS45 . Taking
610−3
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0 10050
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FIG. 3. sin2 θ
(×Br(S → bb¯)) vs MS. The light green
area corresponds to the LEP exclusion bound[23]. The or-
ange shade is the exclusion region from the LHC direct
search[13, 14] which is independent of Br(S → bb¯). The
blue/red curve is for the pp collider with
√
s = 13/100 TeV
and integrated luminosity = 3000/100 fb−1, respectively. The
solid and dashed lines represent Z = 5, 3 limit respectively.
The gray curves are the evidence and discovery limits at the
100 TeV pp collider with 3000 fb−1 integrated luminosity. The
scattered points are the realistic configurations found in [3].
NZ = 10
12 and Br(Z → νν¯) = 0.2000(6)[37], the curves
of Z = 3, 5 are displayed in Fig.5. Not surprisingly, at
a Z-factory one could probe the new light scalar in the
mass range from 20 to 80 GeV with mixing orders of
magnitude smaller than the current LEP bound and far
better than a high energy pp collider.
C. Signal at the Higgs factory
The plan for Higgs factory is an e+e− collider operating
at
√
s = 240 − 250 GeV and luminosity of a few ab−1.
For definiteness we take
√
s = 240 GeV and, to take into
account the detection efficiency, use an integrated fiducial
luminosity L = 1 ab−1 as the benchmark. The tree-level
scattering cross section is
σ(e+e− → ZS) = s
2
θπα
2
3s4W c
4
W
(
g2eL + g
2
eR
) pcm(p2cm + 3M2Z)√
s(s−M2Z)2
(15)
where geL = s
2
W − 12 , geR = s2W , and pcm =√
(s+M2S −M2Z)2/(4s)−M2S is the CM momentum of
the S. To be more specific, we consider the final states
Z → µµ¯ and S → bb¯ as an example. Then the number
of signal events will be:
S = L× σ(e+e− → ZS)×Br(S → bb¯)×Br(Z → µµ¯)
(16)
and Br(Z → µµ¯) = 3.366(7)%[37]. The SM back-
ground is dominated by the t-channel e+e− → Z + Z
diagram and the complete tree-level contribution is eval-
uated numerically by CalcHEP. We applied two cuts: (1)
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FIG. 4. The SM background for e+e− → ZS at the Higgs
factory with
√
s = 240GeV. See the text for details.
|Mµµ¯−MZ | < 1 GeV, and (2)|Eµµ¯ −
√
M2Z + p
2
cm | < 1
GeV to suppress the SM background. See Fig.4 for the
result. One can clearly see the huge peak aroundMZ due
to the Z resonance, and the photon contribution accounts
for the rise at the low energy end.
Due to the finite energy resolution, we take δmbb¯ = 1
GeV, the number of SM background events is given by
B = L×
∫ mbb¯+δm
mbb¯−δm
σSM (Z → µµ¯bb¯)
dmbb¯
. (17)
The curves for signal significance Z = 3, 5 are shown in
Fig.5 along with other results depicted in Fig.(3). It can
be seen that the sensitivity to s2θ · Br is poorer when
MS is around the Z-pole due to the large intrinsic SM
background. However, the shear statistics make the sen-
sitivity roughly two orders of magnitude better than that
at the LEP.
D. muon (g-2)
The current status of the muon anomalous magnetic
moment is aexpµ − aSMµ = 2.88(80)× 10−9[37]. Both the
modified SM Higgs coupling and the presence of the light
scalar contribute to △aµ
△aµ = s2θ
GFm
2
µ
4π2
√
2
[
G(M2S/m
2
µ)−G(M2H/m2µ)
]
(18)
at 1-loop level, where
G(x) =
∫ 1
0
dy
y2(2− y)
y2 + x(1 − y) . (19)
Note that G(0) = 3/2; therefore, △aµ ≃ 3.49× s2θ× 10−9
when MS ≪ mµ. The modification moves up the SM
prediction and alleviates the tension between theory and
710−9
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FIG. 5. sin2 θ
(×Br(S → bb¯)) vs MS . The left most two are
from rare B and K decays. The upper-left region in purple
is the two sigma exclusion from the Bs → µµ¯. The light
green area corresponds to the LEP exclusion bound[23]. The
dark green curve is the decay mode independent bound from
OPAL[44]. The scattered points are the realistic configura-
tions found in [3]. The blue(red) dashed/ solid curve is for
signal significant Z = 3, 5 at the Z(Higgs) factory, respec-
tively.
experiments. More precisely, to explain the discrepancy
at the two sigma lower bound, the mixing has to be
s2θ =
0.5447
G(M2S/m
2
µ)− 9.171× 10−6
. (20)
The above equation has solution only if MS < 0.1GeV
and s2θ & 0.5 which has been ruled out by the K
+ →
π++nothing. Although the light singlet scalar provides a
positive contribution to aµ, it alone cannot accommodate
the current discrepancy between theory and experiment.
E. Bs → µµ¯
The presence of the light scalar also contributes to the
rare process Bs → µµ¯. This transition is governed by the
effective Hamiltonian
Heff = −GF√
2
α
πs2W
VtbV
∗
ts
(
C10Oˆ10 + CSOˆS + CP OˆP
)
(21)
where
Oˆ10 =
(
s¯γµLˆb
)
(µ¯γµγ5µ) ,
OˆS =
mµmb
M2W
(
s¯Rˆb
)
(µ¯µ) ,
OˆP =
mµmb
M2W
(
s¯Rˆb
)
(µ¯γ5µ) , (22)
where Rˆ = 1+γ52 and Lˆ =
1−γ5
2 . Note that the vector part
of lepton current in Oˆ10 does not contribute in this pro-
cess when contracted with the meson momentum. In SM,
the Z-penguin or Oˆ10 dominates the decay. The complete
1-loop expressions of the Wilson coefficients, CS and CP ,
can be found in [38], and we do not repeat that here. The
key is that the SM Higgs gives a negative contribution
−3mt/8MH to CSMS (≃ −0.939). The branching ratio is
given by
Br(Bs → µµ¯) = τBsG
4
FM
4
W
8π5
|VtbV ∗ts|2f2BsMBSm2µ
×
√
1− 4m2µ/M2Bs(|P|2 + |S|2)(23)
where
P = C10 +
M2Bs
2M2W
mb
mb +ms
CP ,
S =
√
1− 4m2µ/M2Bs
M2Bs
2M2W
mb
mb +ms
CS . (24)
The reduction of the SM Higgs coupling and the light
scalar modify the scalar penguin contribution to this de-
cay, and
CSMS ⇒ CSMS −
3
8
s2θ
(
m2t
M2S
− m
2
t
M2H
)
. (25)
When MS < MH , |CS | > |CSMS |. On the other hand,
C10 and CP remain the same. Therefore, the Bs →
µµ¯ branching ratio is larger than the SM one in the
general Higgs portal model with a light singlet scalar.
What experimentally measured is the time averaged de-
cay branching ration Br(Bs → µµ¯) due to the sizable
Bs −Bs oscillation[39]. The current experimental result
agrees with the SM prediction[40]
R =
Br(Bs → µµ¯)exp
Br(Bs → µµ¯)SM
= 0.84± 0.16 , (26)
where the results measured at LHCb[41] and CMS[42]
and the SM prediction from[43] are used.
Numerically, at two sigma (R < 1.16), we find
s2θ <
496.06
m2t/M
2
S − 1.91
(27)
for MS < 7.76GeV. That the mixing can be constrained
is understandable since the negative scalar penguin con-
tribution becomes important and increases the branching
ratio when the second scalar is light. However, the con-
straint on s2θ from Bs → µµ¯ for MS < 7.76GeV cannot
compete with the limit given by the decay-mode inde-
pendent searches at LEP[44].
IV. SUMMARY
We have analyzed the mixing of a singlet scalar with
the SM Higgs boson in the challenging mass range of 10
8to 100 GeV. We found that using the signal of 4b-jets+ ≥
1ℓ+MET one can successfully probe this mass range with
limits on the mixing angle∼ an order better than the cur-
rent LEPII results. We have used very conservative cuts
and search criteria established by ATLAS and CMS col-
laborations. We did not use more advanced techniques
such as boosted t-quarks nor neural networks which will
improve our exploratory study. The significance of our
results only applies to HL-LHC due to the smallness of
the cross section for pp→ tt¯S. An order of magnitude im-
provement over the LEPII results is achievable at LHC13
(see Fig.3) for 80 GeV < MS < 110 GeV. This analysis
is then naively extended to a future 100 TeV pp collider.
Our calculation shows that not much is gained if the lu-
minosity is relatively low. In contrast, a high luminosity
100 TeV collider can improve on the LEPII limit by up
to two orders of magnitude in a mixing angle scan. We
realize that such a futuristic machine will have different
systematics and experimental challenges and theoretical
uncertainties that make such an extrapolation specula-
tive at best. Nonetheless, we find the result intriguing.
The discovery potential of the 125 GeV Higgs in the
tt¯H production with H → bb¯ decay has been extensively
discussed in Refs. [15, 45–47]. With the collection of 3
ab−1 data, the tt¯H signal strength can be probed up to
∼ 20% level of the SM prediction [47]. If measured, a
lower deviation of the tt¯H signal strength from the SM
prediction can be attributed to the mixing between the
singlet scalar S and 125GeV H . However, the mass of
S can not be ascertain from this alone. Thus, such a
deviation will act as an indirect probe for the singlet S in
our model. Clearly, a direct probe via tt¯S, S → bb¯ would
be essential. We also remark that a search for light CP-
even resonance in association with tt¯ production, based
on simplified model has been discussed in [48].
The signal for light singlet scalar discovery we studied
hinges on a sizable bb¯ decay. For models which have large
portal Higgs to dark sector coupling (HD), our results can
be scaled by scaling the bb¯ branching ratio. If the HD is
large, then an efficient missing energy signal will have to
be used. However, we have not found a signal in which
S → invisible can be detected above the SM background
at the LHC for this range of MS .
As a comparison we also studied how the Z-factory
and Higgs factory options for a future e+e− collider can
be used to study the light scalars. We found that the
Z → Sνν¯;S → bb¯ is the most promising signal to search
for. If not found, the limit set on the mixing angle will
be 3-4 orders of magnitude better than LEPII. We also
note that due to the stringent bound from K → πνν,
the muon g-2 discrepancy cannot be explained alone by
the presence of very light scalar. Moreover, the recent
Bs → µµ¯ data does not provide a better constraint on
s2θ for 2 < MS < 7.7 GeV than that from the branching
ratio independent light scalar search at LEP [44].
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V. APPENDIX
The cross sections of the different background pro-
cesses of the (4j, 4b, 1ℓ) process for different MS , with√
s = 13 and 100 TeV pp collision are presented in Ta-
ble I and Table II respectively.
MS tt¯+h.f. tt¯+l.f. Single tt¯Z tt¯H tWH Oth- Total
(GeV) jets jets top ers BG
20 7.75 0.116 0.005 0.009 0.035 0.003 0.005 7.923
30 18.41 0.321 0.013 0.03 0.148 0.009 0.032 18.936
40 23.26 0.486 0.018 0.074 0.279 0.013 0.042 24.172
50 22.29 0.605 0.02 0.126 0.418 0.019 0.045 23.523
60 23.26 0.706 0.023 0.200 0.501 0.022 0.059 24.771
70 25.20 0.839 0.024 0.266 0.590 0.024 0.076 27.019
80 31.01 0.911 0.026 0.316 0.665 0.029 0.081 33.038
90 30.04 0.912 0.026 0.326 0.711 0.032 0.085 32.132
100 30.04 0.922 0.025 0.292 0.787 0.036 0.081 32.183
TABLE I. The cross section in fb of different background pro-
cesses for after applying selection cuts. The cross section is
estimated at
√
s = 13 TeV LHC.
MS tt¯+h.f. tt¯+l.f. Single tt¯Z tt¯H tWH Oth- Total
(GeV) jets jets top ers BG
20 156.02 4.90 0.10 0.48 2.20 0.17 0.1 163.97
30 429.04 13.47 0.26 1.57 8.36 0.50 0.69 453.89
40 507.05 20.36 0.38 3.98 15.33 0.79 1.29 549.18
50 702.07 24.96 0.43 7.27 21.47 1.05 1.39 758.64
60 780.08 28.89 0.46 9.28 26.72 1.31 1.29 848.03
70 897.08 33.83 0.49 13.51 30.45 1.52 1.57 978.45
80 936.09 36.29 0.51 17.97 35.15 1.67 2.48 1030.16
90 1170.11 35.75 0.51 16.64 39.42 1.97 1.98 1266.38
100 1053.10 35.18 0.51 13.75 42.95 2.23 1.78 1149.50
TABLE II. Same as Table I but for
√
s = 100 TeV LHC.
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